Frizzled ( fz) genes encode receptors for the Wnt signaling pathway. We describe a novel fz gene, zebrafish fz7b. Maternal fz7b mRNA is detectable by RT-PCR. Embryonic fz7b is widely distributed in early epiboly stage embryos. By shield stage, expression appears enriched around the blastoderm margin. During epiboly, expression becomes restricted to the prechordal plate, presumptive midbrain and hindbrain and paraxial mesoderm. As somites form, labeling is briefly present in a segmental pattern. By mid-somitogensis, expression is particularly enriched in the forebrain, the forebrain-midbrain boundary, and the anterior hindbrain, but appears at lower levels throughout much of the rostral CNS. The CNS expression is at ventral and medial positions. The paraxial mesoderm expression becomes restricted to the tailbud. This pattern continues through 26 h. At 48 h, weak expression is seen in the pharyngeal arches and developing fin. q
Results
The Wnt signaling pathway regulates many developmental programs, including patterning of the vertebrate central nervous system and somites (reviewed by Cadigan and Nusse, 1997; Patapoutian and Reichardt, 2000) . The Frizzled (Fz) family of seven-transmembrane domain proteins functions as Wnt receptors (Bhanot et al., 1996 ; reviewed by Malbon et al., 2001) . In response to different Wnt ligands, Fz proteins can activate three distinct signaling pathways affecting cell fate, cell polarity, and cell adhesion (reviewed by Niehrs, 2001 ). Understanding how this complex signaling system regulates development will require a description of which Wnt ligands and Fz receptors are candidates to interact during embryogenesis.
To further investigate the role of Wnt signaling in vertebrate development, we searched Genbank for novel fz genes. We found ESTs (Washington University EST project, unpublished) encoding a novel fz7 gene, fz7b (Figs. 1 and 2). Fig. 2 shows the deduced amino acid sequence of Fz7b aligned with other Fz7 proteins.
One of the ESTs encoding fz7b (fb38g02) has been mapped on two radiation hybrid panels. Fz7b maps to linkage group (LG) 6, at 648.0 centiRays (cR) on the Goodfellow T51 map (Geisler et al., 1999) and at 154.72 cR on the LN54 map (Hukriede et al., 1999) . Wang et al. (1996) reported sequences of 14 PCR fragments of fz genes expressed in the retina; their zg13, whose sequence is 96% identical to fz7b, also maps to LG 6 at 648.0 cR (Geisler et al., 1999) . In contrast, zebrafish fz7 maps to LG 9 at 829.0 cR on the Goodfellow T51 map (Geisler et al., 1999) . The RH mapping data indicate that zfz7 and zfz7b do not represent a tandem duplication, but instead presumably arose from the genomic duplication which took place in the teleost lineage (reviewed in Aparicio, 2000) .
We examined fz7b expression during embryogenesis using RT-PCR (Fig. 3) . Fz7b is detected in cleavage stage embryos, indicating that it is maternally provided. Fz7b continues to be present through all embryonic stages examined: 30% epiboly, shield, 25 h, and 48 h.
We used in situ hybridization to determine the expression pattern of fz7b during development. We did not detect localized expression during cleavage stages. Staining appears uniform at 30% epiboly (data not shown). At shield stage, transcript is still widely distributed, and prominent around the blastoderm margin and in the shield (Fig. 4A, B) . By 70% epiboly, fz7b transcript is present in cells around about 270 degrees of the blastoderm margin, extending about twothirds of the way up to the animal pole (Fig. 4C, D) . By 85% www.elsevier.com/locate/modo epiboly, several domains of expression are resolved-the prechordal mesoderm, a broad region near the presumptive midbrain-hindbrain boundary, and the presomitic mesoderm (Fig. 4E) . A similar pattern is seen at the beginning of somitogenesis (Fig. 4F) .
At early somitogenesis, fz7b expression continues in the presomitic mesoderm and is present at reduced levels in recently formed somites in a segmental pattern (Fig. 4G ). The neural expression consolidates toward the midline in accordance with convergent cell movements. This expression resolves into three poorly demarcated stripes (marked by dots in Fig. 4H ). The two rostral stripes are flanked by lateral expression; together they surround a region where expression is less intense (Fig. 4H ). When fz7b probe is mixed with pax-2 probe (Krauss et al., 1991) , pax-2 labels the surrounded region, identifying it as the midbrain-hindbrain boundary ( Fig. 4I ; note location of dots marking fz7b stripes and the intensified staining, due to addition of pax-2 probe, between the rostral stripes).
As somitogenesis proceeds, fz7b transcript disappears from paraxial mesoderm along the trunk, becoming restricted to the tailbud (Fig. 4J ). Prominent CNS staining is present in the diencephalon, rostral midbrain, and in two stripes in the rostral hindbrain. Lower level expression is seen along the rostral CNS, in the trunk. At 26 h, ventral diencephalon staining is more prominent (Fig. 4K, L) . Staining continues to extend throughout most of the rostral CNS at ventral and medial positions (Fig. 4K, L, M, N, O) . At 48 h, weak, diffuse staining is present in the pharyngeal arches and fin bud (Fig. 4P) . The early expression of zfz7b and Xenopus fz7 (Xfz7; Wheeler and Hoppler, 1999; Sumanas et al., 2000; Medina et al., 2000) is quite similar-Xfz7 is expressed maternally, and, at gastrulation, in presomitic mesoderm and in a broad neural pattern. Later, Xfz7 is seen in ventromedial neural tube, neural crest, lateral mesoderm, heart, eye, ear, pharyngeal arches, and pronephric duct. Mouse fz7 (Borello et al., 1999) is expressed only in a segment of presomitic mesoderm, in formed somites, along the entire ventromedial neural tube, in otic and olfactory placodes, and in limb and gut. Chicken fz7 is observed in presomitic mesoderm and all somites, in the ventricular zone of the neural tube, and in the otic vesicle, olfactory placode, retina, lens, limb bud, and mesonephric ducts (Kengaku et al., 1997; Stark et al., 2000) .
Our results show that fz7b expression precedes and differs significantly from that of zebrafish fz7 (El-Messaoudi and Renucci, 2001). Zfz7 expression does not start until 80% epiboly in the anterior hindbrain and appears in late gastrulation in presomitic mesoderm. During somitogenesis, zfz7 is also expressed in the forebrain, midbrain, somites, lateral mesoderm and pronephric ducts. At 24 h, the zfz7 CNS expression is dorsal, from the diencephalon through the entire neural tube.
The combined expression of the two zebrafish fz7 genes corresponds to most of the expression domains of other vertebrate fz7 genes. Some domains, notably the presomitic mesoderm, co-express both zebrafish fz7 genes. Other domains primarily or exclusively express a single zebrafish homolog. For example, zfz7b provides maternal, early gastrula, and ventromedial CNS components of the vertebrate fz7 pattern, whereas zfz7 expression primarily represents somitic and pronephric domains. Such a division of expression domains commonly occurs with duplicated zebrafish genes and can explain why both genes have been retained in the genome. and other Fz proteins from zebrafish and human were aligned using ClustalX and a Neighbor-Joining tree was generated using multiple substitution correction. Genbank accession numbers are appended to each name. Fz7b represents one of two Fz7 family members in zebrafish. The DNA sequence of another sequence in Genbank, named fz7b, (Genbank AF336123-Emelyanov et al., unpublished) is 99% identical to fz7 and therefore we believe it represents an allele of fz7, and that the gene described herein should be named fz7b. Zfz7b protein has 87% identity (91% similarity) to zfz7 and 76-80% identity (82-86% similarity) to other vertebrate fz7 proteins. Zfz7b has 71-74% identity (79-80% similarity) to vertebrate fz2 proteins, and 66-71% identity (73-78% similarity) to vertebrate fz1 proteins. Numbers are bootstrap values. Abbreviations: C, chicken; H, human; M, mouse; X, Xenopus laevis; Z, zebrafish.
Methods
CACGTTTCCTTTC 3 0 , then sequenced. The fz7b open reading frame sequence is deposited in Genbank (Accession #AF510101). Radiation hybrid mapping data described in this paper were retrieved from the Zebrafish Information Network (ZFIN), the Zebrafish International Resource Center, University of Oregon, Eugene, OR 97403-5274; http://zfin.org/.
In situ hybridization was performed as previously described (Ungar et al., 1995) . Antisense fz7b probe was prepared from the full length of AI437185. Antisense pax-2 probe (Krauss et al., 1991) was prepared from the full open reading frame of pax-2; the clone was kindly provided by G. M. Kelly and R. T. Moon. Some embryos were embedded in paraffin and 10 mm sections were cut. Fig. 2 . Deduced protein sequence alignment of fz7b with other fz7 proteins. The alignment was generated using ClustalX and shaded using MacBoxshade. Black shading indicates identical consensus sequence; gray shading indicates conservative substitution consensus. Predicted signal sequences are italicized (Nielsen et al., 1997) . Lines over the sequence indicate transmembrane domains for the alignment as predicted by TMAP (Persson and Argos, 1994; Persson and Argos, 1996) . The first 10 cysteine residues, marked with carats, correspond to the conserved cysteines in the frizzled motif, an extracellular cysteine-rich domain (Rehn et al., 1998) . Asterisks indicate the S/T-X-V motif, which is a PDZ binding domain. Abbreviations: C, chicken; H, human; M, mouse; X, Xenopus laevis; Z, zebrafish. (P) 48 h, lateral view of rostral region. Abbreviations: d, diencephalon; e, eye; f, fin; fmb, forebrain-midbrain boundary; fp, floor plate; m, midbrain; mhb, midbrain-hindbrain boundary; n, notochord; ot, otic vesicle; pm, presomitic mesoderm; sm, somitic mesoderm; t, telencephalon; tb, tailbud; tv, third ventricle; y, yolk.
Note added in proof
Zebrafish fz7b has also recently been described (and named fz7a) by Sumanas et al. (Mech. Dev. 2002; 115: 107-111) .
